We present a new class of spherically symmetric spacetimes for matter distributions with anisotropic pressures in the presence of an electric field. The equation of state for the matter distribution is linear. A class of new exact solutions is found to the Einstein-Maxwell system of equations with an isotropic form of the line element. We achieve this by specifying particular forms for one of the gravitational potentials and the electric field intensity. We regain the masses of the stars PSR J1614-2230, Vela X-1, PSR J1903+327, 4U 1820-30 and SAX J1808.4-3658 for particular parameter values. A detailed physical analysis for the star PSR J1614-2230 indicates that the model is well behaved.
Introduction
We consider solutions of the Einstein-Maxwell system of equations for charged static spherically symmetric interior distributions which match to the Reissner-Nordstrom exterior spacetime. Charged compact objects in relativistic astrophysics where the gravitational fields are strong are described by solutions of the coupled Einstein-Maxwell system of equations. The studies of Ivanov (2002) and Sharma et al. (2001) show that the presence of the electric field affects the values of surface redshifts, luminosities and maximum masses of compact objects. Mak and Harko (2004) and Komathiraj and Maharaj (2007a,b) highlight the fact that the electromagnetic field has an important role in describing the gravitational behaviour of stars composed of quark matter. Models constructed in this way will be useful in describing the physical properties of compact relativistic objects, gravastars, neutron stars, etc, with different matter distributions. There have been several investigations in recent years on the Einstein-Maxwell system of equations for static charged spherically symmetric gravitational fields. Some recent comprehensive treatments are those of Kiess (2012) , Fatema and Murad (2013) and Murad and Fatema (2013) .
The Einstein-Maxwell field equations will have different forms depending on the coordinates utilized. In most papers researchers have used canonical coordinates with neutral matter and isotropic pressure distributions. For comprehensive lists of known solutions to the field equations, refer to Delgaty and Lake (1998) , Finch and Skea (1998) and Stephani et al. (2003) . Many of these known solutions are not physically acceptable. For solutions to be physically reasonable it is necessary that the metric functions and the matter variables are regular and well behaved in the interior of the star. Causality of the spacetime structure must be maintained, the energy conditions should be satisfied and physical quantities (for example the mass of a dense star) should correspond with observations of astronomical objects. For examples of recent papers with charge and isotropic pressures the reader is referred to Fatema and Murad (2013) and Murad and Fatema (2013) . The general case of charged matter distributions with anisotropic pressures has generated much interest in several recent investigations. Some recent treatments are those of Mafa Takisa and Maharaj (2013a) and Maharaj et al. (2014) . It is important to note that isotropic coordinates have not been used as often as canonical coordinates. A recent example of charged matter with isotropic pressures in isotropic coordinates is the Pant et al. (2014) Sunzu et al. (2014a,b) , Maharaj et al. (2014) and Esculpi and Aloma (2010) . Charged compact objects with a linear equation of state have been generated by Mafa Takisa et al. (2014a) ; their models prove to be good approximations of the astronomical objects PSR J1614-2230, PSR J1903+327, Vela X-1, SMC X-1 and Cen X-3. Feroze and Siddiqui (2011) found a class of charged anisotropic solutions with a quadratic equation of state. Maharaj and Mafa Takisa (2012) and Mafa Takisa and Maharaj (2013a), respectively, found new models with charge and anisotropic pressures by imposing quadratic and polytropic equations of state. An uncharged strange quark star model with the quadratic equation of state was presented by Malaver (2014) . Other possibilities for barotropic equations of state are the van der Waals models, a recent exact solution was found by Thirukkanesh and Ragel (2014) , and extensions leading to the so called generalised van der Waals models by Malaver (2013) . Delgaty and Lake (1998) in their comprehensive treatment pointed out that only a few successful attempts have been made to obtain classes of exact static solutions of the Einstein field equations for neutral perfect fluid spheres. They also observe that only nine of their solutions are regular and well behaved without considering the restriction on the red shift. Only two solutions with isotropic coordinates in their analysis were shown to be well behaved, and these are by Nariai (1950) and Goldman (1978) . It was later shown by Simon (2008) that the Pant and Sah (1985) solution is also regular and well behaved. In recent past years, well behaved solutions in isotropic coordinates with charge have been found by Pant et al. (2014) and Pradhan and Pant (2014) . As far as we can ascertain most analyses in isotropic coordinates restrict the pressures to be isotropic. In this paper we present a new class of charged exact solutions in isotropic coordinates with anisotropic pressures.
Many of the references mentioned above mainly use canonical coordinates unlike our treatment which utilizes isotropic coordinates. We believe that the use of isotropic coordinates may provide some new insights, and possibly lead to new classes of exact solutions. In this paper we follow the approach of using isotropic coordinates with anisotropic pressures in the presence of the electric field. The objective of this paper is to generate new classes of exact solutions to the Einstein-Maxwell system of equations, by imposing a linear barotropic equation of state, that model a charged anisotropic relativistic body in isotropic coordinates. In section 2, we present the Einstein-Maxwell field equations for charged anisotropic fluid spheres in static spherically symmetric spacetimes. The field equations are written in the terms of isotropic coordinates, and then transformed to new variables suggested by Kustaanheimo and Ovist (1948) . This system of equations in transformed form is easier to integrate and analyze. New classes of exact solutions are presented in section 3. In section 4 we study the physical properties of the new classes of exact solutions and regain masses for particular observed objects. In section 5 we analyse the physical features for parameters associated with the star PSR J1614-2230. Some concluding comments are made in section 6.
The model
We model a dense general relativistic star with strong gravity. The metric of the interior spacetime in isotropic coordinates can be written as
in coordinates (x a ) = (t, r, θ, φ) and where A(r) and B(r) are metric quantities representing the gravitational field. Relativistic astronomical objects such as compact stars in astrophysical scenarios are consistent with the metric (1). The energy momentum tensor
describes an anisotropic charged matter distribution. In (2), ρ is the energy density, p r is the radial pressure, p t is the tangential pressure and E is the electric field intensity. These quantities are measured in terms of a timelike unit fourvelocity u where
The Einstein-Maxwell field equations for the line element (1) and matter distribution (2) can be expressed as
in isotropic coordinates where a prime ( ′ ) denotes a derivative with respect to the radial coordinate r. The quantity σ is the proper charge density. We utilize units where the speed of light c = 1 and the Newton gravitational constant G = 1.
The system of equations (3)- (6) governs the behaviour of the gravitational field for an anisotropic charged fluid in a static spherical field. From equations (4) and (5) we obtain the condition of pressure anisotropy which has the form
where the quantity ∆ = p t −p r is the measure of anisotropy. For neutral matter with isotropic pressures (E = 0 = ∆), (7) gives the condition of pressure isotropy in the form
A general algorithm producing new exact solutions to (8), given a particular seed solution, was found by Ngubelanga and Maharaj (2013) after integrating a nonlinear Bernoulli equation. The spacetime exterior to the charged matter distribution is given by
in coordinates (x a ) = (t, R, θ, φ). In (9), R is the radial coordinate of the exterior region, and M and q 2 are the mass and charge of the ball, respectively, as determined by the external observer. The exterior spacetime is the ReissnerNordström solution. By matching the first and second fundamental forms for the metrics (1) and (9) we obtain the junction conditions at the stellar surface. These conditions are given by
where the subscript "s" denotes the surface of the star. The equations (10)- (13) are the boundary conditions in isotropic coordinates. Observe that equations (11) and (13) are equivalent to zero pressure of the interior solution on the boundary.
The system of equations (3)- (6) can be written in a different form by introducing a new variable x, and defining new functions L and G, as follows
The above transformation (14) has been used by other authors in spherically symmetric spacetimes as pointed out by Stephani et al. (2003) . Then the line element (1) becomes
On applying the transformation (14) to the field equations (3)- (6) we generate the equivalent field equations
where the subscript "x" denotes differentiation with respect to the variable x. The condition of pressure anisotropy is now given by
In the new coordinates the mass function is
which represents the mass within a radius x of the charged sphere.
A barotropic equation of state p r = p r (ρ) should be satisfied by the matter distribution. We expect this to be the case for a physically realistic relativistic star. For the simplest case we assume the linear equation of state
relating the radial pressure p r to the energy density ρ, and where α and β are arbitrary constants. Then with the linear equation of state (22), it is possible to express the system (16)-(19) in the form
In the system of equations (23)- (28) we note that the equations are highly nonlinear in both potentials L and G. This system contains the six matter variables (ρ, p r , p t , ∆, E, σ) and the two metric functions (L, G). Clearly there are more unknown functions than independent field equations in the Einstein-Maxwell system. This suggests that we need to choose the form for two of the quantities in order to integrate and obtain some classes of exact solutions.
Exact models
We aim to generate exact models to the system of EinsteinMaxwell equations (23)- (28) by choosing physically reasonable forms for the gravitational potential L and the electric field intensity E. We make the specific choices
where a, b, c and d are real constants. We choose the gravitational potential L to be a linear function and the electric intensity E 2 to be a quadratic function in the variable x. This ensures that the potential and the charge are finite at the centre and are regular in the interior. Then equation (27) becomes the first order equation
in the potential G. On integrating (31) we obtain
where K is the constant of integration. We have introduced the function N (x) and constants Ψ and Φ. These are given by
It should be noted in (33)-(35) that a = 0 and b = 0. We can now find an exact solution to the EinsteinMaxwell system. The line element is given by
where K is a constant of integration, the function N (r) and the constants Ψ and Φ are given by (33)-(35). The quantities associated with the matter and the electric field have the form
This exact solution is given in terms of elementary functions. The mass function has the form
Physical features
The exact solution (37)-(42) for the spacetime (36) has a simple form and may be used to describe a charged anisotropic fluid sphere. In the stellar interior, the gravitational potentials, the matter variables and the electromagnetic variables are well behaved. It is important to observe that the electric field vanishes at the centre of the star. The matter density and proper charge density are finite at the stellar centre. At the stellar centre, r = 0 we have
and the density and radial pressure are finite. The electromagnetic quantities have the finite values
at the centre. The pressure anisotropy is given by
at the centre. The gravitational potentials A and B are also finite at r = 0 and therefore all relevant quantities are regular in the core of the star. For stability it is necessary that ∆ vanishes at r = 0; we show that this is possible in the next section for particular parameter values. The mass is finite and is affected by the presence of charge. The speed of sound is given by v = dp r dρ
which becomes v = α. We must have α < 1 so that the velocity of sound is less than the velocity of light. In our analysis throughout we choose the value α = 0.931. This is the reasonable choice because compact stars are relativistic and α should be close to unity for these structures. Also the surface of a compact object should have zero radial pressure. This will ensure that the boundary conditions (10)- (13) are satisfied and the metrics (1) and (9) match at the boundary. Since the equation of state is not polytropic we have a finite value of the density at the stellar surface. We obtain
from equation (37) in geometric units. In (50) we have fixed the radius of the star at r = 1. Then from equation (38) we see that the zero of the surface pressure constrains the constant β by
in terms of the surface density.
We can now give certain numerical values to the various constants contained in our solutions. We have selected data from recent observations of five compact objects. These are PSR J1614-2230 studied by Demorest et al. (2010) , Vela X-1 analysed by Rawls et al. (2011) , PSR J1903+3217 investigated by Freire et al. (2011) , 4U 1820-30 studied by Güver et al. (2010) and SAX J1808.4-3658 considered by Elebert et al. (2009) . We find that by varying the constant a in equation (43) we regain the masses of these stars, keeping the other parameters fixed at b = 0.5, c = 0.01 and d = 0.01. Notice that the stellar bodies are generally charge neutral, and hence we have imposed a smaller value of the parameters c and d, responsible for bringing in charge into the system. Later on, in the detailed analysis of the star PRS J1614-2230, we made a variation of these two parameters, to show how they change the electric field. In Table  1 we find the compact stars have observed masses varying from 0.9 M ⊙ to 1.97 M ⊙ . In this table we have also included the corresponding values of the central density, central radial pressure and the surface density. The macroscopic stellar properties, represented by the mass and radius, are very important for the description of compact stars. It should be be noted that stellar masses are the derived parameters, obtained directly from observation. The stellar radius however, depend on the models chosen by researchers, and hence varies widely from model to model. In our work, in order to avoid the ambiguity of what the actual value of the radius should be, we have normalised the radial parameter, such that for r = 1 we have the stellar surface. This has the advantage of establishing the surface density ρ s through equation (50).
Our model provides sufficient freedom to accommodate masses outside the range of objects presented in Table 1 . Another pulsar, PSR J0348+0432, with an observed mass of 2.01 M ⊙ has also been reported in the journal Science by Antoniadis et al. (2013) . In this treatment they measured the mass of the white dwarf partner to be 0.172 M ⊙ from spectral features, and used the radio timing data from the observation with the Green Bank Telescope, to derive such a high mass.
The star PSR J1614-2230
The parameter value a = 1.96819 produces the mass 1.97 M ⊙ corresponding to the star PSR J1614-2230. We use this parameter to illustrate the variation of features for the matter, charge and gravity inside the star from the centre to the surface. Table 2 indicates the variation of density, radial pressure, tangential pressure and anisotropy in the stellar interior. The density and radial pressure are decreasing functions. The radial pressure vanishes at the boundary which is the requirement for a localised distribution of matter. The tangential pressure is well behaved. The anisotropy is finite and vanishes at the centre which is necessary for stability. Table  3 gives the behaviour of the mass, electric field and charge density. The mass increases with increasing radius. The electric field and charge density are regular throughout the interior with E = 0 at the centre. The effect of the charge is brought in through the constants c and d. Tables 4 and 5 represent the total charge in the system so that r = 1 is fixed at the boundary. It is evident that the effect of the parameter d is more pronounced than that of the constant c making the system substantially charged. Finally the gravitational potentials A 2 and B 2 are tabulated in Table 6 for the set of parameters corresponding to PSR J1614-2230 from the centre to the surface. The values obtained show that the potentials are finite and positive.
A graphical analysis also provides insight into the behaviour of the relevant quantities. We have plotted the density ρ (Fig. 1) , the radial pressure p r (Fig. 2) , the tangential pressure p t (Fig. 3) , the pressure anisotropy ∆ (Fig.  4) , the mass m (Fig. 5) , the electric field intensity (Fig.  6 ), the charge density (Fig. 7) and the gravitational potentials ( Fig. 8 and Fig. 9 ). All the quantities are well be- 
Discussion
Our aim in this paper was to generate new exact models to the Einstein-Maxwell systems in isotropic coordinates for matter distributions with anisotropic pressures in the presence of charge. We imposed the barotropic equation of state which is linear and relates the radial pressure to the energy density. The exact solutions (37)-(42) to the Einstein-Maxwell field equations generated are well behaved. We tabulated the matter and electromagnetic variables and showed that they are physically reasonable. By varying the parameter a and choosing the fixed parameters b = 0.5, c = 0.01 and d = 0.01 in Table 1 , we regain the masses of the stars PSR J1614-2230, Vela X-1, PSR J1903+3217, 4U 1820-30 and SAX J1808.4-3658. We used the star PSR J1614-2230 which has the mass 1.97 M ⊙ and fixed the parameter a = 1.96819 to generate tables and graphical plots for gravitational potentials, matter variables and electromagnetic variables. We used Mathematica for graphical analysis with the particular parameter choices a = 1.96819, b = 0.5, c = 0.01, d = 0.01 and α = 0.931. The graphical analysis indicates that the model for PSR J1614-2230 is well behaved. The model has been generated by making the simple choices (29) and (30) for the potential and the charge respectively. Our approach may also be used to produce models which exhibit more general behaviour and thereby describe superdense stars with uncharged and charged matter. 
